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1
DELTA SIGMA ADC

TECHNICAL FIELD

The present invention relates to a AXADC (Analog to Digi-
tal Converter) capable of performing AXAD (Delta Sigma
Analog to Digital) conversion on a time-divisionally com-
bined signal sequence.

BACKGROUND ART

In recent years, communication systems are required to
achieve extremely wide band and fast speed. Theretfore, a
sampling rate of used 1n a AXADC 1s extremely fast, exceed-

ing several hundred MHz. The AXADC uses AX modulation
for converting an analog signal into a one-bit digital signal,
thus capable of suppressing quantization error near DC by
noise shaping.

When a generally-available quantizer 1s used to perform
quantization, a quantization noise 1s distributed over all ire-
quencies. In contrast, when a AX modulator 1s used to perform
quantization, a quantization noise 1s suppressed near DC, and
a quantization noise 1s formed in high frequency. Such char-
acteristic of the AX modulator 1s called noise shaping charac-
teristic.

By the way, in recent years, systems requiring a plurality of
high frequency sections are expected, such as MIMO (Mul-
tiple Input Multiple Output), MRC (Maximum Ratio Com-
bining), and diversity. In such system, reduction in the size of
the circuit 1s requested. More specifically, 1n order to reduce
the circuit scale, MIMO, MRC, or diversity 1s requested to
time-divisionally use high frequency sections to share the
circuit.

Patent literature 1 and patent literature 2 disclose time-
division AXADCs. The time-division AZADCs disclosed 1n
patent literature 1 and patent literature 2 perform time-divi-
s10n process for each one of sample times to switch to another
sequence. Therefore, the speed of target time-division relies
on the sample time. More specifically, 1n a system 1n which
two sequences of signals including the first sequence and the
second sequence are time-divisionally combined, the time-
division A2ZADC alternately selects signals from different
sequence, e.g., lirst choosing a sample from the first
sequence, then choosing a sample from the second sequence,
and then choosing a sample from the first sequence. Then, the
time-division AXADC handles the signal sequence 1n which
these signals are arranged. In this case, it 1s necessary for the
time-division AZADC to time-divisionally combine the plu-
rality of signal sequences using a switch.

When an external component 1s used as the switch, there 1s
a limitation 1n the switching speed. On the other hand, the
sampling rate of the AXADC 1s extremely fast, exceeding
several hundred MHz. Therefore, there 1s a limitation in the
switching speed of the switch, and when the switching speed
of the switch 1s about 100 MHz, 1t 1s necessary to reduce the
actual sampling rate of the AZADC to about 100 MHz when
a conventional technique 1s simply used.

CITATION LIST
Patent Literature

PTL 1

Japanese Patent Application Laid-Open No. HEI 7-249989
PTL 2

Japanese Patent Application Laid-Open No. 2007-295197
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2
SUMMARY OF INVENTION

Technical Problem

However, the above time-division AXADC has a problem
in that 1t 1s difficult to operate the AXADC at a low sampling
rate. Further, when fast time-division operation 1s performed
in the above time-division AZXADC, 1t 1s necessary to accu-
rately control the switch provided at a stage prior to the
A2ADC and to incorporate non-overlap processing in the
switching control. In such case, there 1s a problem 1n that it
becomes more difficult to achieve the time-division AZADC,
and the circuit scale of the time-division AXADC 1ncreases.

On the other hand, the noise shaping characteristic 1s char-
acterized 1n that a higher sampling rate results in a higher
suppression effect of a quantization noise near DC. There-
fore, there 1s a problem in that when the switching speed of the
switch for performing the time-division process 1s low, and
actual sampling rate 1s low, the noise shaping characteristic
deteriorates.

It 1s therefore an object of the present invention to provide
a AXADC capable of suppressing increase of a circuit scale
without losing noise shaping function even when a switching
speed of a switch for performing time-division process 1s
lower than a sampling rate of the AXADC.

Solution to Problem

A AZADC according to the present invention 1s a AXADC
for performing AXADC conversion at a first rate, wherein the
A2ADC 1ncludes an operational amplifier that integrates a
teedback signal and a time-divisionally combined signal that
1s obtamned by time-divisionally combining M signal
sequences (M 1s an mteger of 2 or more) at a second rate
which 1s lower than the first rate, the M integral capacities, a
switch that controls selection of an integral capacity for use,
from among the M 1integral capacities, a comparing section
that encodes and converts, into a code value, an 1ntegration
result provided by an integration processing section formed
by the operational amplifier and the integral capacity selected
by the switch, a storage section that stores respective code
value for the M signal sequences, a selection section that
selects one of the M code values stored for the M signal
sequences, and a DAC that converts, from digital to analog,
the selected code value and generates the feedback signal.

Advantageous Effects of Invention

The present mvention can suppress increase of a circuit
scale without losing noise shaping function even when a
switching speed of a switch for performing time-division
process 1s lower than a sampling rate of the AXADC.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram 1llustrating an essential configu-
ration of a AXADC according to Embodiment 1 of the present
invention;

FIG. 2 1s a time chart illustrating time-sequence processing
performed by the AXADC according to Embodiment 1;

FIG. 3 1s a figure 1llustrating noise shaping characteristic;

FIG. 4 1s a block diagram 1llustrating an essential configu-
ration of a AXADC according to Embodiment 2 of the present
invention; and



US 8,466,321 B2

3

FIG. 5 1s a time chart 1llustrating time-sequence processing,
performed by the AXADC according to Embodiment 2.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will be hereimnafter
explained 1n detail with reference to drawings.

(Embodiment 1)

FI1G. 1 1s a block diagram 1llustrating an essential configu-
ration of a AXADC according to Embodiment 1 of the present
invention. AXADC 100 as shown 1n FIG. 1 1s a discrete time
time-division AXADC. It should be noted that AXADC 100 as
shown 1 FIG. 1 time-divisionally combines two sequences
into one sequence, which shows a configuration where the
number of branches 1s two. It should be noted that the number
ol branches 1s not limited to two. The present invention can
also be applied to a case where the number of branches 1s
three or more 1n which a plurality of sequences (i.e. three or
more sequences) are time-divisionally combined into one
sequence. In the explanation below, a system for time-divi-
sionally combining two sequences mnto one sequence will be

explained using an example where the number of branches i1s
two.

AZADC 100 includes sample hold (S/H) circuit 101,
operational amplifier 102, switch 103-1, switch 103-2, capac-
ity (integral capacity) 104-1, capacity (integral capacity) 104-
2, comparator 105, first storage section 106-1, second storage
section 106-2, selection section 107, DAC (Dagital to Analog
Converter) 108, and S/H circuit (sample hold circuit) 109.

In FIG. 1, switching device 110 1s provided at a stage
previous to AXADC 100. Separator 120 and filters 130-1 and
130-2 are provided at a stage subsequent to AADC 100.

Switching device 110 time-divides a first signal sequence
input from first mput terminal 111-1 and a second signal
sequence input from second 1nput terminal 111-2, and gen-
crates a time-divisionally combined signal 1n one sequence
obtained by combining these two sequences of signals. More
specifically, for example, every time switching device 110
receives N pieces (N 1s an mteger of 1 or more) of sampling,
data of the first signal sequence or the second signal sequence,
switching device 110 switches, 1n accordance with a branch
selection signal, a signal output to S/H circuit 101 at a stage
subsequent to switching device 110. As a result, switching
device 110 outputs a time-divisionally combined signal to
S/H circuit 101 of AZADC 100.

It should be noted that every time switching device 110
receives N pieces (N 1s an mteger of 1 or more) of sampling,
data of the first signal sequence or the second signal sequence,
switching device 110 switches the signal output to S/H circuit
101 at the stage subsequent to switching device 110. There-
fore, switching speed fsw of switching device 110 1s repre-
sented as fsw=1s/(2 N) using sampling rate {s of AXADC 100.

S/H circuit 101 samples the time-divisionally combined
signal and continues holding the sampled signal until S/H
circuit 101 receives a subsequent mput signal.

Operational amplifier 102 1ncludes an mverting input ter-
minal and a non-inverting input terminal. The signal output
from S/H circuit 101 1s input to the inverting input terminal,
and operational amplifier 102 amplifies the signal. The non-
iverting terminal of operational amplifier 102 1s grounded.

Capacity 104-1 and capacity 104-2 are provided between
the mverting mput terminal and the output of operational
amplifier 102. Capacity 104-1 and capacity 104-2 receive the
output signal of operational amplifier 102 via switch 103-1 or
switch 103-2. In this manner, the signals held 1n S/H circuit
101 are subjected to integration processing in an integration
stage (processing section) formed by operational amplifier
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4

102, capacity 104-1, and capacity 104-2. AXADC 100 as
shown 1n FIG. 1 has two capacities (1.e. capacity 104-1 and
capacity 104-2) 1n order to integrate the signal held 1n S/H

circuit 101. However, the number of capacities 1s not limited
to two. When AZADC 100 time-divisionally combines M

signal sequences, AXADC 100 may have M capacities.
Capacity 104-1 1s controlled by switch 103-1. On the other
hand, capacity 104-2 is controlled by switch 103-2. When the
first sequence signal 1s selected by switching device 110,
switch 103-1 1s turned on and switch 103-2 1s turned oif. On
the other hand, when the second sequence signal 1s selected

by switching device 110, switch 103-1 1s turned oif and
switch 103-2 1s turned on. Switch 103-1 and switch 103-2 are
controlled by a selection signal (hereinafter referred to as
“branch selection signal™), which 1s input from outside, serv-
ing as a signal for selecting a signal sequence from among the
first signal sequence and the second signal sequence. The
branch selection signal 1s input to comparator 105, selection
section 107, and separator 120, explained later. Therefore,
using the branch selection signal, comparator 103, selection
section 107, and separator 120 can determine which signal
sequence 1s selected 1 switching device 110.

An 1integration result obtained from the integration pro-
cessing performed by operational amplifier 102 and capacity
104-1 1s referred to as a first integration result. On the other
hand, an integration result obtained from the integration pro-
cessing performed by operational amplifier 102 and capacity
104-2 1s referred to as a second integration result. The first and
second integration results are output from operational ampli-
fier 102 to comparator 1035. As described above, switch 103-1
and switch 103-2 are alternately turned on and off on every N
samples, and therefore, comparator 105 receives the first inte-
gration result and the second integration result alternately on
every N samples.

Comparator 105 compares the first integration result or the
second integration result with a predetermined reference volt-
age, thereby converting the first integration result or the sec-
ond integration result into a digital code having L values. In
the explanation about the present embodiment, for example,
comparator 105 1s a one-bit comparator having two values
(L=2). Even when L 1s three or more, and comparator 105 1s
a multi-bit comparator, the processings can be performed 1n
the same manner as the case where L 1s 2, and these cases are
also 1ncluded 1n the present invention.

It should be noted that comparator 105 outputs, in accor-
dance with the branch selection signal, a code value corre-
sponding to the first signal sequence, chosen from among
digitally converted one-bit code values, to first storage section
106-1. On the other hand, comparator 105 outputs, 1n accor-
dance with the branch selection signal, a code value corre-
sponding to the second signal sequence, chosen from among,
digitally converted one-bit code values, to second storage
section 106-2.

First storage section 106-1 stores the code values corre-
sponding to the first signal sequence that are output from
comparator 105. Second storage section 106-2 stores the code
values corresponding to the second signal sequence that are
output from comparator 105. When the first signal sequence
1s selected, second storage section 106-2 continues holding
the already stored code value until second storage section
106-2 recerves a subsequent, new code value of the second
signal sequence. In contrast, when the second signal sequence
1s selected, first storage section 106-1 continues holding the
already stored code value until first storage section 106-1
receives a subsequent, new code value of the first signal
sequence.
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Selection section 107 selects a code value used for gener-
ating a feedback signal on the basis of the code value output
from {first storage section 106-1 or second storage section
106-2 1n accordance with the branch selection signal. More
specifically, when switching device 110 selects the first signal
sequence, selection section 107 selects the code value stored
in first storage section 106-1. On the other hand, when switch-
ing device 110 selects the second signal sequence, selection
section 107 selects the code value stored 1n second storage
section 106-2.

Selection section 107 outputs the selected code value to
DAC 108.

DAC 108 converts the code value from digital to analog to
generate a feedback signal.

S/H circuit 109 samples the feedback signal generated by
DAC 108, and continues holding the sampled feedback signal
until S/H circuit 109 recerves a subsequent feedback signal.

In this manner, AXADC 100 integrates the feedback signal
and an mput signal of a subsequent time step at a time using

operational amplifier 102 and capacity 104-1 or capacity
104-2, thus performing the AXAD conversion. The feedback

signal 1s a signal held in S/H circuit 109. The input signal of
the subsequent time step 1s a signal held 1n S/H circuit 101.

The code value output from comparator 105 1s output to
separator 120.

Separator 120 separates, 1n accordance with the branch
selection signal, the code value output from comparator 105
into two sequences, and outputs the separated signal to filter
130-1 and filter 130-2.

Filter 130-1 and filter 130-2 perform interpolation process-
ing on the separated signals through filter operations. Filter
130-1 and filter 130-2 output interpolated signals.

Subsequently, time-sequence processing 1 AZADC 100
having the configuration as described above will be
explained. FIG. 2 1s a time chart 1llustrating time-sequence
processing performed by AXADC 100. In FIG. 2, times 10,
tl, . . ., t15 correspond to sampling times of AXADC
100 (=1/1s).

At times t0 and t1, the first signal sequence given from first
input terminal 111-1 1s selected by switching device 110, and
1s output to S/H circuit 101. Hereinafter, the first signal
sequence given at times t0 and t1 1s referred to as A0 signal. At
time t0, S/H circuit 101 samples the A0 signal, and S/H circuit
101 holds the sampled A0 signal until S/H circuit 101 recerves
a subsequent mput.

At time t1, the A0 signal 1s integrated by the integration
stage formed by operational amplifier 102 and capacity 104-1
or capacity 104-2. More specifically, switch 103-1 1s turned
on, and switch 103-2 is turned off, whereby only capacity
104-1 1s connected to operational amplifier 102. Then, the AQ
signal 1s integrated by operational amplifier 102 and capacity
104-1 (1.e. the integral capacity of the first signal sequence).

Afterward, 1n the integration processing of the first signal
sequence, capacity 104-1 1s connected to operational ampli-
fier 102, and capacity 104-1 1s used as the integral capacity for
accumulating past signal information of the first signal
sequence.

At time 12, the value integrated at time t1 (first integration
result) 1s output to comparator 105. Then, the code value
obtained by binarization performed by comparator 105 is
inputto first storage section 106-1. First storage section 106-1
stores this code value until first storage section 106-1 recerves
a subsequent code value of the first signal sequence.

Subsequently, selection section 107 selects the code value
stored 1n {irst storage section 106-1, and DAC 108 generates
an analog signal corresponding to the selected code value.
Then, until the end of time t2, S/H circuit 109 samples the
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analog signal from DAC 108. Then, the sampled signal 1s held
in S/H circuit 109 as the feedback signal.

Further, at times t2 and t3, the first signal sequence (1.¢. the
subsequent input signal) 1s sampled and held 1n S/H circuit
101. Hereinafter, the first signal sequence given at times t2
and t3 1s referred to as Al signal. By time 12, S/H circuit 101
samples to hold the Al signal.

Subsequently, at time t3, the integration stage receives the
Al signal (1.e. the first signal sequence) held in S/H circuit
101 and the feedback signal of the A0 signal held in S/H
circuit 109. The integration stage 1s formed by operational
amplifier 102 and capacity 104-1 or capacity 104-2.

Since the signal integrated at time t3 1s of the first signal
sequence, operation 1s performed such that switch 103-1 1s
turned on and switch 103-2 1s turned oif on the basis of the
branch selection signal, like the operation performed at time
tl. Therefore, operation 1s performed such that only capacity
104-1 1s connected to operational amplifier 102. Then, the Al
signal 1s integrated by operational amplifier 102 and capacity
104-1 (1.e. the integral capacity of the first signal sequence).
At this occasion, capacity 104-1 integrates the first signal
sequence from time t1 to time t3 continuously.

At times t4 and t5, the same processings as those performed
at times t2 and t3 explained above are performed.

At times t6 and t7, the second signal sequence given from
second mput terminal 111-2 1s selected by switching device
110, and 1s output to S/H circuit 101. Heremafter, the second
signal sequence given at times t6 and t7 1s referred to as B0
signal. At time t6, S/H circuit 101 samples the B0 signal, and
S/H circuit 101 holds the sampled B0 signal until S/H circuit
101 recerves a subsequent input.

At time t7, the B0 signal 1s integrated by the integration
stage formed by operational amplifier 102 and capacity 104-1
or capacity 104-2. More specifically, switch 103-1 1s turned
off, and switch 103-2 1s turned on, whereby only capacity
104-2 1s connected to operational amplifier 102. As a result,
the B0 signal 1s mtegrated by operational amplifier 102 and
capacity 104-2 (1.e. the integral capacity of the second signal
sequence).

Afterward, 1n the integration processing of the second sig-
nal sequence, capacity 104-2 i1s connected to operational
amplifier 102. Then, capacity 104-2 1s used as the integral
capacity for accumulating past signal information of the sec-
ond signal sequence.

At time t8, the value integrated at time t7 (second 1ntegra-
tion result) 1s output to comparator 105. Then, the code value
obtained by binarization performed by comparator 105 is
input to second storage section 106-2. Second storage section
106-2 stores this code value until second storage section
106-2 receives a subsequent code value of the second signal
sequence.

Subsequently, selection section 107 selects the code value
stored 1n second storage section 106-2, and DAC 108 gener-
ates an analog signal corresponding to the selected code
value. Then, until the end of time t8, S/H circuit 109 samples
the analog signal from DAC 108, and the signal 1s held in S/H
circuit 109 as the feedback signal.

Further, at times t8 and 19, the second signal sequence (1.e.
the subsequent input signal) 1s sampled and held in S/H circuit
101. Hereinafter, the first signal sequence given at times t8
and t9 1s referred to as B1 signal. By time t8, S/H circuit 101
samples to hold the B1 signal.

Subsequently, at time t9, the integration stage receives the
B1 signal (1.e. the second signal sequence) held in S/H circuit
101 and the feedback signal of the B0 signal held in S/H
circuit 109. The integration stage 1s formed by operational
amplifier 102 and capacity 104-1 or capacity 104-2.
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Since the signal integrated at time 19 1s of the second signal
sequence, operation 1s performed such that switch 103-1 1s
turned off and switch 103-2 1s turned on the basis of the
branch selection signal, like the operation performed at time
t7. Therefore, operation 1s performed such that only capacity
104-2 1s connected to operational amplifier 102. The B1 sig-
nal 1s integrated by operational amplifier 102 and capacity
104-2 (1.e. the integral capacity of the second signal
sequence). At this occasion, capacity 104-2 integrates the
second signal sequence from time t7 to time t9 continuously.

Attimes t10, t11, the same processings as those performed
at times t8 and t9 explained above are performed.

At times t12, t13, the first signal sequence given from first
input terminal 111-1 1s selected by switching device 110
again, and 1s output to S/H circuit 101. Hereinatter, the first
signal sequence given at times t12 and t13 1s referred to as A3
signal. At time t12, S/H circuit 101 samples the A3 signal, and
S/H circuit 101 holds the sampled A3 signal until S/H circuit
101 receives a subsequent mput. Time t12 1s different from
time t0 1n that, at time t12, first storage section 106-1 stores
the code value for the A2 signal of the first signal sequence
which 1s previous to the A3 signal. As a result, selection
section 107 selects a code value for the A2 signal, DAC 108
generates an analog signal corresponding to the selected code
value, and S/H circuit 109 samples the analog signal. Further,
the signal 1s held as the feedback signal.

First storage section 106-1 continues to store the output of
comparator 105 of only the first signal sequence until first
storage section 106-1 receives a subsequent code value of the
first signal sequence. On the other hand, second storage sec-
tion 106-2 continues to store the output of comparator 105 of
only the second signal sequence until second storage section
106-2 recerves a subsequent code value of the second signal
sequence.

Subsequently, at time t13, the integration stage recerves the
A3 signal (1.e. the first signal sequence) held 1 S/H circuit
101 and the feedback signal of the A2 signal held in S/H
circuit 109. The integration stage 1s formed by operational
amplifier 102 and capacity 104-1 or capacity 104-2.

Since the signal integrated at time t13 1s of the first signal
sequence, operation 1s performed such that switch 103-1 1s
turned on and switch 103-2 1s turned off, like the operation
performed at time t1. Therefore, operation 1s performed such
that only capacity 104-1 1s connected to operational amplifier
102. The A3 signal 1s integrated by operational amplifier 102
and capacity 104-1 (1.¢. the integral capacity of the first signal
sequence).

As described above, AZADC 100 according to the present
embodiment 1s a discrete time A2XADC for DS conversion
with sampling rate fs. S/H circuit 101 samples and holds the
input signals that are time-divisionally switched and 1nput
from among M signal sequences (M 1s an integer of 2 or more)
at switching speed tsw. Switch 103-1 and switch 103-2 con-
trols selection of one of the two capacities (1.e. capacity 104-1
and capacity 104-2) to use as the integral capacity. Compara-
tor 105 encodes, 1nto the code value, the integration result
provided by the integration processing section formed by
operational amplifier 102 and the capacity chosen by switch
103-1 or switch 103-2. First storage section 106-1 and second
storage section 106-2 store the code values for the respective
signal sequences. Selection section 107 selects one of two
code values stored for the respective signal sequences. DAC
108 converts the selected code value from digital to analog
and generates a feedback signal. S/H circuit 109 samples and
holds the feedback signal. Operational amplifier 102 inte-
grates the sampled/held mmput signal and the sampled/held
teedback signal.
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In this manner, for the code values provided by comparator
105, AXADC 100 has first storage section 106-1 and second
storage section 106-2 respectively for the signal sequences
(the first signal sequence and the second signal sequence)
constituting the time-divisionally combined signal. Then, one
ol the two storage sections (1.¢. {irst storage section 106-1 and
second storage section 106-2) that corresponds to the branch
selection signal 1s configured to store the code value obtained
from comparator 105. On the other hand, one of the two
storage sections (1.e. first storage section 106-1 and second
storage section 106-2) that 1s not the storage section corre-
sponding to the branch selection signal 1s configured to hold
the already stored code value. For example, when selection
section 107 receives the first signal sequence, selection sec-
tion 107 selects the code value corresponding to the first
signal sequence, and outputs the code value to DAC 108 on an
as 15 basis. On the other hand, when selection section 107 does
not recerve the first signal sequence, first storage section
106-1 continues holding the already stored code value until
selection section 107 receives a subsequent code value cor-
responding to the first signal sequence.

Therefore, even when switching speed fsw of switching
device 110 1s lower than sampling rate fs of AXADC 100, the
time-divisionally combined signal generated by switching
device 110 can be converted by the time-division AXAD
conversion. In this manner, in AXADC 100 according to the
present embodiment, the AXAD conversion processing of the
time-divisionally multiplexed signal obtained by time-divi-
sionally combining the plurality of signal sequences can be
achieved with only one AXADC 100, and this configuration
greatly reduces the circuit scale. On the other hand, when a
plurality of AXADCs are used for a plurality of signal
sequences, a plurality of output terminals are required to
output a plurality of digital signals. In contrast, AADC 100
outputs only one sequence of code values as the digital codes,
and this configuration reduces the number of output termi-
nals.

In addition, AXADC 100 according to the present embodi-
ment can suppress deterioration of the noise shaping charac-
teristic even when switching speed fsw of switching device
110 for time-division process decreases and the actual sam-
pling rate decreases. This point will be hereinatter explained
using a simulation result of quantization noise.

FIG. 3A 15 a figure 1llustrating a simulation result of quan-
tization noise 1 a conventional time-division AXADC. FIG.
3B 1illustrates a simulation result of quantization noise 1n
A2ZADC 100 according to the present embodiment. In FIGS.
3 A and 3B, the horizontal axis represents a frequency (MHz),
and the vertical axis represents powers (magnitude-squared
[dB]) of the first signal sequence and the second signal
sequence. FIGS. 3A and 3B show a simulation result when
the conventional time-division A2ZADC and AZADC 100
according to the present embodiment perform time-division
A2 modulation on the first signal sequence o1 4.1 MHz and a
second signal sequence of 5.1 MHz. This indicates that, even
when sampling rate 1s 1s low, the noise shaping function of
A2ZADC 100 according to the present embodiment 1s not lost.
Therefore, sampling rate s 1s set at 100 MHz 1n the simula-
tion. On the other hand, switching speed fsw of switching
device 110 for time-division process 1s set at 100 MHz.

As can be seen from FIG. 3 A, the conventional time-divi-
sion AXADC has a small difference between a quantization
noise N101 near DC and a quantization noise N102 1n high
frequency, and the quantization noise i1s substantially uni-
formly distributed in the frequency axis. In this manner, the
conventional time-division AXADC generates the quantiza-
tion noise substantially umiformly throughout the entire
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region from near DC to high frequency. This indicates that,
when sampling rate Is 1s low, signals are mixed between two
sequences 1n the conventional time-division AXADC, which
causes abnormal operation and failure of normal AXADC
conversion process. As a result, in the conventional time-
division AXADC, the noise shaping function (1.e. an eifect
peculiar to the AXADC) does not work, and the quantization
noise 1s generated substantially uniformly throughout the
entire region from near DC to high frequency.

In contrast, as can be seen from FIG. 3B, in AADC 100

according to the present embodiment, the quantization noise
N103 near DC 1s less than the quantization noise N104 1n high
frequency, and 1t 1s understood that the quantization noise
near DC has moved to high frequency. In this manner, 1t 1s
understood that, even when sampling rate s 1s low, AXADC
100 according to the present embodiment suppresses the
quantization noise near DC, and the noise shaping function 1s
working. This indicates that, even when sampling rate 1s 1s
low, AXADC 100 according to the present embodiment can
avold mixing of signals between two sequences. As a result,
A2ADC 100 according to the present embodiment can per-
form the time-division AXAD conversion without losing the
noise shaping function.

(Embodiment 2)

In Embodiment 1, the discrete time AXADC having the S/H
circuit has been explained. In the present embodiment, a
continuous time AXADC will be explained.

FIG. 4 1s a block diagram illustrating an essential configu-
ration of a AXADC according to the present embodiment.
A2 ADC 200 as shown in FIG. 4 1s a continuous time AZADC.
In AXADC 200 according to the present embodiment of FIG.
4, constituent portions common to those of AXADC 100 of
FIG. 1 are denoted with the same reference numerals as those
of FI1G. 1, and description thereabout 1s omitted. AXADC 200
of FIG. 4 has a configuration 1n which S/H circuits 101 and
109 are removed from the configuration of AXADC 100 of
FIG. 1.

In other words, 1n the present embodiment, output signals
from switching device 110 and DAC 108 are directly input to
an integration stage formed by operational amplifier 102 and
capacity 104-1 or capacity 104-2.

Subsequently, time-sequence processing in AZADC 200
having the configuration as described above will be
explained. FIG. 5 1s a time chart 1llustrating time-sequence
processing performed by AXADC 200. In FIG. 5, times 10,
t1, ..., t15 correspond to sampling times of AXADC 100.

An A0 signal of the first signal sequence mput from first
input terminal 111-1 1s selected by switching device 110, and
1s input to the integration stage formed by operational ampli-
fier 102 and capacity 104-1 or capacity 104-2. In Embodi-
ment 1, a signal sampled at a certain time 1s held on an as 1s
basis, and the held signal 1s mnput to the integration stage. In
contrast, in Embodiment 2, all the continuous signal at times
t1 and t2 1s mput to the integration stage and 1s integrated.

At times t1 and t2, the first signal sequence 1s integrated,
and accordingly, switch 103-1 1s turned on, and switch 103-2
1s turned off, whereby only capacity 104-1 1s connected to
operational amplifier 102. Then, until the end of time t1, the
A0 signal 1s integrated. At time t2, the first integration result
obtained from the integration processing 1s mput to compara-
tor 105. Afterward, a code value output from comparator 105
1s stored to first storage section 106-1, and selection section
107 selects a code value of first storage section 106-1. By the
end of time 12, the code value 1s mput to DAC 108.

At time t3, DAC 108 outputs an analog signal, and the
signal 1s maintained until a subsequent code value 1s 1put.
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Then, at times t2 and t3, a subsequent Al signal 1s input to
the integration stage formed by operational amplifier 102 and
capacity 104-1 or capacity 104-2. This integration stage inte-
grates two signals (1.e. the Al signal input at times t2 and t3
and the feedback signal of the A0 signal output from DAC 108
at time t2). Afterward, at times t4 to t135, the same processings
as those of Embodiment 1 are performed.

As described above, AXADC 200 according to the present
embodiment 1s a continuous time AXADC for DS conversion
with sampling rate Is. Operational amplifier 102 integrates
the feedback signal and the input signal that 1s time-division-
ally switched and mput from among M signal sequences (M
1s an integer of 2 or more) at switching speed fsw. Switch
103-1 and switch 103-2 controls selection of one of the two
capacities (1.e. capacity 104-1 and capacity 104-2) to use as
the integral capacity. The integration processing section 1s
formed by operational amplifier 102 and the capacity chosen
by switch 103-1 or switch 103-2. Comparator 105 encodes
the integration result provided by the itegration processing
section 1nto the code value. First storage section 106-1 and
second storage section 106-2 store the code values for the
respective signal sequences. Selection section 107 selects one
of two code values stored for the respective signal sequences.
DAC 108 converts the selected code value from digital to
analog and generates a feedback signal.

For the code values provided by comparator 105, AADC
200 has first storage section 106-1 and second storage section
106-2 respectively for the signal sequences (the first signal
sequence and the second signal sequence) constituting the
time-divisionally combined signal. Then, one of the two stor-
age sections (1.e. {irst storage section 106-1 and second stor-
age section 106-2) that corresponds to the branch selection
signal 1s configured to store the code value obtained from
comparator 105. One of the two storage sections (1.e. first
storage section 106-1 and second storage section 106-2) that
1s not the storage section corresponding to the branch selec-
tion signal 1s configured to hold the already stored code value.
For example, when selection section 107 receives the first
signal sequence, selection section 107 selects the code value
corresponding to the first signal sequence, and outputs the
code value to DAC 108 on an as 1s basis. On the other hand,
when selection section 107 does not receive the first signal
sequence, lirst storage section 106-1 continues holding the
already stored code value until selection section 107 receives
a subsequent code value corresponding to the first signal
sequence.

Therefore, even when switching speed fsw of switching

device 110 1s lower than sampling rate Is of AXADC 200,
A2 ADC 200 can perform the time-division AXAD conversion
on the time-divisionally combined signal. In this manner, 1n
the present embodiment, the AXAD conversion processing of
the time-divisionally multiplexed signal obtained by time-
divisionally combining the plurality of signal sequences can
be achieved with only one AXADC 200, and this configura-
tion greatly reduces the circuit scale. On the other hand, when
a plurality of AXADCs are used for a plurality of signal
sequences, a plurality of output terminals are required to
output a plurality of digital signals. In contrast, AXADC 200
outputs only one sequence of code values as the digital codes,
and this configuration reduces the number of output termi-
nals.

In the above explanation, a system has been explained as an
example, in which the signal sequences are switched every
three (N=3) samples. However, the present invention 1s not
limited thereto. In general, with the present invention, the
time-division AXADC conversion can be performed in a sys-
tem 1n which signal sequences are switched on every N (N 1s
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a natural number including 1) samples. More specifically, the
present invention can be applied to a system 1n which switch-
ing speed fsw ol switching device 110 and sampling rate {s of
A2ZADC 100 satisty the relationship of fsw=1s/2.

In the above explanation, the one-bit AXADC has been
explained. However, the present invention can also be applied
to a multi-bit AXADC. In the above explanation, the AXADC
of the first degree has been explained. However, the present
invention can also be applied to a AXADC of a higher degree.
A AZADC of a higher degree has a plurality of integration
stages (processing sections) formed by operational amplifiers
and capacities, and perform A2AD conversions of a plurality
of degrees using feedback signals corresponding to a plurality
ol integration results of the plurality of integration stages.

Further, the number of time-divisionally multiplexed sig-
nal sequences (the number of multiplexed sequences) 1s not
limited to two sequences. The same processings can also be
achieved with a signal obtained by multiplexing three or more
signal sequences. When the branch selection signal 1s fixed, a
conventional AXAD conversion for one sequence can be real-
1zed with the above AXADC.

The disclosure of Japanese Patent Application No. 2010-
010109, filed on Jan. 20, 2010, including the specification,
drawings and abstract, 1s incorporated herein by reference 1n
its entirety.

Industrial Applicability

The AXADC according to the present invention 1s effective
as a A2XADC 1n a time-division MIMO, a time-division MRC,
and a time-division diversity. When an I signal and a QQ signal
are time-divided 1n a generally-available wireless system, the
A2 ADC according to the present invention 1s not limited to a
communication system, and the AXADC according to the
present mnvention 1s effective for other systems for performing,
time-division AZAD conversion on a plurality of signals.

REFERENCE SIGNS LIST

100, 200 AZXADC

101, 109 S/H circuit

102 Operational amplifier
104-1, 104-2 Capacity
103-1, 103-2 Switch

105 Comparator

106-1 First storage section
106-2 Second storage section
1077 Selection section

108 DAC

110 Switching device

111-1 First input terminal
111-2 Second 1mnput terminal
120 Separator

130-1, 130-2 Filter

The mvention claimed 1s:

1. A delta sigma analog-to-digital converter for performing

delta sigma analog-to-digital conversion, comprising:

an operational amplifier that integrates a feedback signal
and a time-divisionally combined signal that 1s obtained
by time-divisionally combining M signal sequences (M
1s an 1nteger of 2 or more);

M integral capacities;

a switch that controls selection of an 1ntegral capacity for
use, from among the M integral capacities in accordance
with a selection signal;

a comparing section that encodes and converts, 1nto a code
value, an itegration result provided by an integration
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processing section formed by the operational amplifier
and the integral capacity selected by the switch;

a storage section that stores respective M code values for
the M signal sequences;

a selection section that selects one of the M code values
stored for the M signal sequences, in accordance with
the selection signal; and

a digital-to-analog converter that converts, from digital to
analog, the selected code value and generates the feed-
back signal, wherein:

the comparing section encodes and converts the integration
result at a first rate;

a specific one of the M signal sequences 1s time-division-
ally combined at a second rate 1n the time-divisionally
combined signal;

the switch selects a specific one of the M integral capacities
for use at the second rate; and

the second rate 1s lower than the first rate/M.

2. The delta sigma analog-to-digital converter according to

claim 1, further comprising:

a first sample hold circuit that samples and holds the time-
divisionally combined signal; and

a second sample hold circuit that samples and holds the
feedback signal, wherein the operational amplifier inte-
grates the time-divisionally combined signal and feed-
back signal sampled and held.

3. The delta sigma analog-to-digital converter according to

claim 1, wherein:

the storage section includes the M storage sections;

the code value 1s stored 1n a storage section chosen from
among the M storage sections in accordance with the
selection signal; and

the already stored code value 1s held 1n a storage section
other than the storage section chosen from among the M
storage sections 1n accordance with the selection signal.

4. The delta sigma analog-to-digital converter according to

claim 3,

wherein the selection section selects one of the M storage
sections 1n accordance with the selection signal, and
outputs, to the digital-to-analog converter, the code
value stored 1n the selected storage section.

5. The delta sigma analog-to-digital converter according to

claim 1,

wherein the comparing section compares the integration
result with 2L (L is an integer of O or more) reference
levels to convert the integration result into the code value
having L bats.

6. The delta sigma analog-to-digital converter according to

claim 1, further comprising;:

a plurality of the integration processing sections, wherein
delta sigma analog-to-digital conversions of a plurality
of degrees are performed using feedback signals corre-
sponding to a plurality of integration results provided by
the plurality of integration processing sections.

7. The delta sigma analog-to-digital converter according to

claim 1,

wherein the second rate 1s lower than or equal to 2x(the
first rate/M).

8. The delta sigma analog-to-digital converter according to

claim 1, further comprising:

a switching section that time-divisionally combines each
of the M signal sequences at the second rate to generate
the time-divisionally combined signal.
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